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transport; both proteins belong to 
the RND superfamily of proteins, 
originally defined by bacterial channel 
and transporter proteins involved in 
resistance, nodulation and division. 
These similarities have led to the 
suggestion that Ptc might function by 
transporting antagonists or agonists of 
Smo across the plasma membrane. Two 
lines of evidence have provided support 
for such roles of Ptc: in one study the 
secretion of pro-vitamin D3, which can 
act as an inhibitor of Smo, was shown to 
be promoted by Ptc activity. On the other 
hand, cholesterols and oxysterols have 
been shown to act as Smo agonists, 
prompting the suggestion that Ptc might 
regulate Smo by transporting these 
lipids away from Smo. Neither of these 
contrasting mechanisms addresses 
directly the control of Smo localisation 
by Ptc. Intriguingly, Ptc itself has now 
been found to shuttle to and from the 
primary cilia in response to Hh activity. 
In contrast to Smo, Ptc localises to the 
cilia in the absence of Hh signal, but 
is removed from them on binding to 
Hh. Thus, the primary cilia act not only 
as a centre for the regulation of the 
intracellular components of the pathway 
but also as a sensor for the extracellular 
ligand.
The analysis of Hh signalling has given 
us many new insights into how cells 
sense and respond to signals and has 
illuminated our understanding of how 
such signals are deployed to generate 
cellular diversity during development. 
The sheer variety of its effects still poses 
important questions about the molecular 
basis of the differential response of 
cells to varying levels and duration of 
signalling activity and the nature of the 
differing competence of cells to respond 
to the same signal. Key unresolved 
issues include the biochemical function 
of Ptc and the way in which it regulates 
Smo activity as well as the role of the 
primary cilium in sensing and responding 
to the signal. Despite the novelties of Hh 
signalling, there are still some striking 
similarities between it and the other 
systems deployed by metazoans, most 
notably the Wnt pathway. In this respect, 
none of these signalling pathways  
seems unique; and the  
loss from nematodes of genes  
encoding key components of the Hh  
pathway — including Smo, SuFu 
and Fused— indicates that not all 
are indispensable for multicellular 
development.
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Figure 4. Control of Hh target gene transcription by Ci.
In the absence of Hh (left), phosphorylation of the full-length, transcription-activating form of Ci 
(CiA) by kinases in the Cos-2 complex, results in recruitment of the F-box protein Slimb that pro-
motes ubiquitination of CiA and its partial proteolysis by the proteasome to yield the truncated, 
repressor form, CiR. Hh promotes dissociation of the Cos2 complex (right), in part through Fu-
mediated phosphorylation of Cos2, protecting CiA from phosphorylation and hence proteolysis. 
Association of CiA with SuFu modulates its entry into the nucleus.An intrinsic feed-
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Accurate perception of the visual 
world plays a major role in animal 
survival. All vertebrates, whether 
running, swimming or flying, are 
confronted with the effects of their 
locomotor actions on the ability 
to perceive their surrounding 
environment [1]. The potential 
consequences of self-generated body 
motion include head movements that 
cause retinal image displacement 
with a resultant degradation of 
visual information processing. In 
order to maintain visual acuity 
during locomotion, retinal image 
drift must be counteracted by 
dynamic compensatory eye and/or 
head-adjustments that derive from 
sensory-motor transformations of 
vestibulo-ocular, optokinetic and 
proprioceptive inputs [2]. Here 
we report that efference copies of 
rhythmic neural signals produced 
by locomotor pattern-generating 
circuitry within the spinal cord of 
larval Xenopus laevis are conveyed 
to the brainstem extraocular 
motor nuclei and potentially 
contribute to gaze stabilization 
during locomotion. Appropriate 
spinal network-extraocular motor 
coupling not only persisted during 
actual undulatory tail movements 
in semi-intact preparations, but 
also during fictive locomotion in 
isolated brainstem- spinal cords 
without any movement-derived 
sensory inputs. This suggests that 
inherent feed-forward signalling 
may be used in combination with 
sensory feed-back to counteract 
the visual consequences of tadpole 
self- motion, with major implications 
for understanding gaze control in 
general.
Experiments were conducted 
on pre-metamorphic Xenopus 
tadpoles (stage 55 [3]; see 
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Figure 1. Spinal cord-driven signalling for 
compensatory eye movements in swimming 
Xenopus tadpoles.
(A) Left: in stage 55 tadpoles, horizontal head 
rotations resulting from left–right tail swim-
ming movements are associated with op-
positely-directed conjugate eye movements. 
Right: schematic of the neural organisation 
of sensory-motor networks responsible for 
compensatory eye movements and pos-
sible interactions with locomotor pattern-
 generating circuitry in the spinal cord. (B) 
Rhythmic activation of extraocular motoneu-
rons during horizontal-plane swimming in 
a semi-intact head-fixed preparation with 
freely-moving tail (left). Simultaneous extra-
cellular recordings (right) from bilateral me-
dial rectus (MR) and lateral rectus (LR) motor 
nerves during spontaneous tail movements 
(lower trace in blue). Extraocular motor activ-
ity was coordinated with tail oscillations such 
that the right (R) MR and left (L) LR motoneu-
rons discharged in-phase with each right-
 directed tail excursion, whereas L-MR and 
R-LR motoneurons were activated dur-
ing each left-directed movement. Note that 
both otic capsules containing the semicir-
cular canals and otolith organs had been re-
moved and the optic nerve was transected. 
(C) Left: spontaneous ‘fictive’ swimming in 
a completely isolated brainstem/spinal cord 
preparation. Right: simultaneous recordings 
from bilateral LR and the L-MR extraocular 
motor nerves, along with the left and right 
motor roots of the 15th spinal cord segment 
(blue traces). Activity in the extraocular mo-
tor nerves remained strictly coordinated 
with alternating left/right locomotor bursts 
in the spinal roots (sr). (D) The relative tim-
ing of extraocular motor bursts during fictive 
swimming was appropriate for conjugate 
eye movements subserving gaze stabiliza-
tion. Circular plots show phase relationships 
between onsets of locomotor-related burst 
activity in extraocular and spinal motor nerves 
of four in vitro preparations (phase of 0 or 1 
corresponds to burst synchrony; phase of 0.5 
corresponds to burst alternation; see also 
Table S1 in the Supplemental Data). Synchro-
nous bursts in the MR and LR motor nerves 
on opposite sides — for example, L-MR/ 
R-LR; see red ellipse in (C) — are consist-
ent with conjugate eye movement, while al-
ternating bursts in homologous extraocular 
nerves — for example L-LR/R-LR; green 
 ellipse in (C) — correspond to alternating left-
right eye motion. The alternation between 
ipsilateral spinal root and LR activity — for 
example, R-sr/R-LR; blue ellipse in (C) — and 
the synchrony between opposite sides — for 
example, L-sr/R-LR; black ellipse in ( C) — 
would cause eye movements that counteract 
head displacements.Supplemental Data available on- line 
with this issue) in which strong 
lateral head displacements occur 
during undulatory swimming in 
freely- behaving animals. High- speed video recordings established that 
these left–right head excursions 
during swimming were accompanied 
by synchronous oscillations of 
the eyes in the opposite direction in each half cycle, thereby 
countering the alternating head 
displacements (Figure 1A, left). As in 
vertebrates generally [4], such eye 
counter- rotations are orchestrated 
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(Figure 1A, right) which transform 
the sensory signals arising from 
self-motion into appropriate motor 
commands for the extraocular 
muscles [5]. 
To determine a possible central 
nervous contribution to these 
gaze- stabilizing movements, we 
employed semi-intact preparations 
in which tail undulations in the 
horizontal plane could occur, while 
the head was held stationary and 
the brainstem exposed for recording 
from selected bilateral motor nerves 
to the extraocular muscles. During 
spontaneous swimming in such 
head- fixed, tail- free preparations, 
discrete bursts of action potentials 
occurred in extraocular motor nerves 
controlling horizontal eye movements 
which were timed to the trajectory of 
actual tail bending (Figure 1B). The 
synergistic pair of medial and lateral 
rectus motor nerves that normally 
drive left- directed conjugate eye 
rotations [5] were active in- phase 
with each right- directed tail 
movement, while the antagonistic 
nerve pair controlling right-directed 
eye movements became active 
as the tail swung towards the left. 
Importantly, the tail oscillation- timed 
discharge in these extraocular 
nerves persisted after removal of the 
labyrinthine endorgans on both sides 
(as in Figure 1B), thereby confirming 
that their cyclic activity could 
not have arisen from the sensory 
detection of any residual head 
movement. 
Furthermore, the locomotory- timed 
activation of extraocular motoneurons 
persisted in completely isolated 
brainstem-spinal cord preparations 
and therefore in the absence of 
all movement- related sensory 
feedback. During spontaneous 
‘fictive’ swimming in such in vitro 
preparations [6] (Figure 1C), the 
horizontal extraocular motor nerves 
were cyclically active in time with 
spinal ventral root bursts that drive 
the alternating left–right muscle 
contractions responsible for 
undulatory tail movements in the 
intact animal. Discharge in left medial 
and right lateral rectus motoneurons 
occurred conjointly with spinal 
locomotor bursts on the left side of 
the cord, whereas during the opposite 
phase of the fictive swim cycle, the 
right medial and left lateral rectus 
motoneurons were co-ordinately active with bursts in right-sided 
spinal roots (Figure 1D, right). This 
strict temporal relationship, which 
corresponded closely to that seen in 
semi-intact preparations (Figure 1B), 
was thus appropriate for producing 
conjugate eye movements (Figure 1D, 
left) that during swimming in the intact 
animal would counteract oppositely-
directed head displacements resulting 
from left–right tail oscillations. 
These findings provide compelling 
evidence that rhythmic locomotor 
signals generated within the 
tadpole spinal cord are used 
as an internal prediction of the 
disruptive consequences of body 
movements for visual processing 
during swimming. This adds a further 
dimension to our understanding of 
ocular motor control, since hitherto, 
sensory-motor transformations 
have been generally thought to 
be exclusively responsible for 
compensatory eye movements 
during vertebrate self-motion [2]. 
However, copies of spinal locomotor 
output offer a convenient substrate 
for initiating eye adjustments in the 
fastest possible way, pre-empting 
the slower reactionary engagement 
of the various movement-encoding 
sensory pathways that would serve 
to ensure the gain and precision 
of the gaze-stabilizing response. 
Whether the ascending locomotor 
signals are conveyed directly to their 
extraocular motor targets or, more 
likely, are integrated with converging 
sensory inputs within the vestibular 
nuclei (Figure 1A, right) remains to be 
determined. 
This scheme also differs from the 
traditional view of the role of motor 
efference copies [7] or corollary 
discharges [8] in guiding adaptive 
behaviour, where such predictive 
internal signals are subtracted 
from self-generated sensory 
inputs to counter any unwanted 
consequences of the animals own 
actions [1]. During swimming in 
Xenopus tadpoles, copies of spinal 
locomotor commands are evidently 
engaged in minimizing the visual 
consequences of self-action, but 
here, these feed-forward signals are 
used in combination with sensory 
feedback information. Moreover, this 
spinal drive presumably matches 
the change in visuomotor demands 
associated with the developmental 
transition in locomotor strategy 
during metamorphosis, when undulatory swimming in tadpoles 
is progressively superseded 
by bilaterally-synchronous 
hind- limb kick propulsion in the 
post- metamorphic froglet [6]. 
Because maintaining visual acuity 
during self-motion is a problem faced 
by aquatic and terrestrial vertebrates 
alike, it is probable that spinal 
locomotor circuitry also accesses 
the brainstem gaze control pathways 
in other vertebrates, including those 
confronted with more complex visual 
disturbances resulting from their 
flexible necks and/or limb- based 
locomotion.
Our work on the simpler and more 
tractable nervous system of Xenopus 
tadpoles now aims to understand 
the mechanistic basis of gaze 
stabilization during locomotion, and 
in particular, to elucidate  
how the sensory signalling of  
three-dimensional body motion 
interacts with spinal feed-forward 
commands at the neural network and 
cellular levels.
Supplemental data
Supplemental data are available at http://
www.current-biology.com/cgi/content/
full/18/6/R241/DC1
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Supplemental experimental procedures 
Our in vitro experiments were performed on semi-intact preparations or isolated 
CNS of Xenopus laevis (stage 55) [5] and complied with the "Principles of Animal 
Care", publication No. 86-23 (revised 1985) by the National Institute of Health. For all 
experiments, animals were first anaesthetised under ice-chilled frog Ringer 
(composition in mM: NaCl, 120; KCl, 2.5; CaCl2, 5; MgCl2, 1; NaHCO3, 15; pH 7.4) 
containing 230 µg/ml of 3-aminobenzoic acid ethyl ester (MS-222; Sigma-Aldrich, 
Germany) then secured with insect pins in a glass Sylgard-lined Petri dish. The skin 
overlying the head was removed, the skull opened and the forebrain removed. The 
motor nerve branches innervating the medial and lateral rectus extraocular muscles 
of both eyes were identified, then dissected free and severed close to their target 
muscles for recording with glass suction electrodes. After dissection, preparations 
were rinsed in fresh saline and transferred to an experimental recording chamber in 
which the saline temperature was maintained at 17°C with a Peltier cooling system. 
For semi-intact preparations (n=6), the ventral part of the head was fixed firmly 
with insect pins to an elevated Sylgard platform on the floor of a Petri dish while the 
tail was left intact and free to perform swimming movements. All ocular innervation 
was severed, including the optic nerves in order to avoid any visual field signalling in 
the optic tectum, which has recently been reported in the lamprey to elicit motor 
commands for rhythmic conjugate eye movements as well as being capable of 
activating the locomotor central pattern generators in the spinal cord [S1]. Undulatory 
excursions of the tail were monitored by recording movement-generated variations in 
the electrical field between two pin electrodes placed on either side of the tail, at its 
approximate mid-point were movements ranged from 5 to 10 mm in amplitude. In a 
second series of experiments (n=4), all labyrinthine endorgans (semicircular canals, 
otolith and papilla organs) were surgically removed to ensure the exclusion of any 
sensory input arising from undetected head movements.  
Completely isolated preparations (n=13) consisted of the brainstem with identified 
extraocular nerve branches attached and the spinal cord after its dissection and 
removal from the rest of the tail. Extraocular motor output was monitored 
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simultaneously with spontaneous fictive swimming recorded from bilateral spinal 
motor roots with glass suction electrodes.  
Nerve activity was displayed and stored on a PC equipped with a data acquisition 
system (1401 CED; Cambridge Electronic Design, Cambridge, UK), and analyzed 
with customised scripts in Spike 2 (Cambridge Electronic Design, Cambridge, UK). 
Raw signals were integrated and the onsets of motor bursts were detected 
automatically. The data were then transferred to Oriana software (Kovach Computing 
Services, UK) for circular phase analysis in which the direction and length of the 
mean vector indicated, respectively, the preferred phase and strength of coupling 
between the cyclic activity in selected nerve pairs. In each of the circular phase 
diagrams in Fig. 1D, derived from >120 individual cycles of fictive locomotion in four 
different preparations (including that illustrated in Fig. 1C) in which at least three 
horizontal extraocular motor nerves and the two bilateral spinal roots of cord segment 
15 were recorded simultaneously, the concentration of phase values around the 
mean vector was highly significant (p ≤ 0.001; Rayleigh test).  
 
 
Supplemental Table 
Table S1: Pooled phase measurements and statistics from 4 semi-intact preparations 
after bilateral labyrinthectomy, and a total of 13 isolated brainstem/spinal cord 
preparations in which left and right spinal roots were recorded between cord 
segments 15 and 18.  
Semi-intact preparations 
 
Nerve pair N Mean vector direction ± s.e.m. 
Mean vector 
length 
L-MR/R-LR 4 0.01 0.01 0.997 
L-LR/R-LR 4 0.50 0.02 0.996 
 
Isolated preparations 
 
Nerve pair N Mean vector direction ± s.e.m. 
Mean vector 
length  
L-MR/R-LR 8 0.02 0.01 0.996 
L-LR/R-LR 8 0.51 0.01 0.994 
R-sr/R-LR 13 0.45 0.01 0.959 
L-sr/R-LR 13 0.94 0.02 0.932 
 
Mean vector direction (phase) represents the grand mean of the means of relative 
burst-onsets in the indicated nerve pair during 15 fictive locomotor cycles per 
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preparation. N is the number of preparations measured. Possible phase values of 0 
and 1 are equivalent and reflect strict synchrony, whereas 0.5 corresponds to 
alternation. Mean vector length, which indicates the concentration of phase values 
around the grand mean, is also represented on a scale of 0 to 1, with values > 0.5 
indicating significant phase coupling. 
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